By injecting a few cubic centimeters of saline into the coronary artery and using thermodilution principles, mean transit time (T mn ) of the injectate can be calculated and is inversely proportional to coronary blood flow. Because microvascular resistance equals distal coronary pressure (P d ) divided by myocardial flow, the product P d ⅐ T mn provides an index of myocardial resistance (IMR). In this in vitro study in a physiologic model of the coronary circulation, we compared IMR to true myocardial resistance (TMR) at different degrees of myocardial resistance and at different degrees of epicardial stenosis. Absolute blood flow was varied from 42 to 203 ml/min and TMR varied from 0.39 to 1.63 dynes ⅐ sec/cm 5 . Inverse mean transit time correlated well to absolute blood flow (R 2 ‫؍‬ 0.93). Furthermore, an excellent correlation was found between IMR and TMR (R 2 ‫؍‬ 0.94). IMR was independent on the severity of epicardial stenosis and thus specific for myocardial resistance. Thus, using one single guidewire, both fractional flow reserve and IMR can be measured simultaneously as indexes of epicardial and microvascular disease, respectively, enabling separate assessment of both coronary arterial and microvascular disease.
INTRODUCTION
Although coronary artery disease is only visible in the epicardial coronary arteries, the microvasculature of the myocardium is also often affected by atherosclerosis [1, 2] . While numerous invasive and noninvasive methods are available to investigate the epicardial coronary arteries [3] [4] [5] [6] [7] [8] [9] [10] [11] , microvascular disease is difficult to quantify, and no reliable invasive methodology is available to assess the microcirculation.
Theoretically, combined measurement of distal coronary blood flow and distal coronary pressure enables calculation of microvascular resistance [12] . At present, however, absolute blood flow in a distal coronary artery cannot be determined. The most widely used analogon of flow so far is coronary flow velocity measured by a Doppler wire [13, 14] . However, obtaining good-quality Doppler signals is often hard, time-consuming, and associated with a high variability of signals depending on changes in hemodynamic conditions [14] . Moreover, to estimate absolute flow from velocity requires assumptions on vessel geometry and flow pattern, which may be highly variable in a diseased coronary circulation.
Recently, we showed the feasibility of simultaneous measurements of distal coronary pressure and temperature using one single guidewire. Thus, using indicator dilution technique, a bolus of a few cubic centimeters of saline at room temperature can be injected into the ostium of a coronary artery during catheterization and the temperature can be measured in the distal coronary artery to calculate the mean transit time (T mn ) of the injectate [15, 16] .
Because, according to theory, flow equals the ratio of epicardial vascular volume (V) and mean transit time (T mn ), coronary flow reserve and fractional flow reserve can be determined in that way in one single procedure, as demonstrated in animals and humans [15, 16] . A fundamental assumption in that theory is that T mn is inversely proportional to hyperemic blood flow. Because F ϭ V/T mn (1) and because true microvascular resistance (TMR) equals distal perfusion pressure divided by flow:
and because the vascular volume V may be assumed to remain constant after pretreatment by nitroglycerine, by combining equations 1 and 2, it can be derived that TMR is proportional to the product of distal pressure and T mn :
This product of P d and T mn at maximum hyperemia to reflect microvascular resistance, recently introduced by Fearon et al. [17] , is called index of myocardial resistance (IMR). In experimental studies performed in pigs, it was shown that IMR reflects myocardial resistance indeed, corresponds closely to TMR, and is relatively independent on epicardial stenosis severity. For further corroboration of this index IMR and to investigate its fundamental characteristics more closely, we developed a sophisticated, physiologically representative in vitro model mimicking the epicardial coronary arteries and microcirculation. The aim of the present study was to investigate in that model the inverse relation between T mn and absolute blood flow and the independency of IMR on epicardial stenosis severity over the complete physiological and pathological range of stenosis severity and conditions of microvascular impairment.
MATERIALS AND METHODS

In Vitro Model
The in vitro model consists of a pump providing pulsatile flow at room temperature and a systemic and a coronary circulation (Fig. 1) . The in vitro heart includes a rigid chamber with a piston inside it, driven by a computer-controlled linear motor and two artificial valves. The aorta is modeled as a tube made out of polyurethane and is connected to a Windkessel, modeling the distal systemic compliance. Two external occluders provide the aortic resistance and the peripheral resistance.
The coronary circulation consists of an epicardial coronary artery, a dual-tubed myocardium, and a venous outlet. The coronary artery is modeled with physiological dimensions and capacitance; the myocardium is modeled as a resistive circuit without significant capacitance but with a variable volume. This varying volume is modeled by a collapsible myocardial tube through the LV chamber. In addition, an accumulator is used, connecting the LV with the proximal side of the collapsible tube and containing a membrane, allowing transmittance of LV pressure to the collapsible tube, but not enabling flow between LV and myocardium. Thus, the extravascular compression on the microcirculation by the contraction of the heart is realistically mimicked.
A single tube connects the coronary venous outlet to the venous reservoir and has no additional resistance. The arteriolar sphincter resistance (R ar ), crucial for the modeling of autoregulation, is present as a clamp and is placed at the entrance of the myocardial circulation. A coronary stenosis can be mimicked by an adjustable external occluder on the coronary artery, allowing a wide range of stenosis severity simulation.
In this model, the only driving force for blood flow is the aortic pressure. The variations in myocardial blood flow in the absence of an epicardial stenosis are merely generated by changes in resistance of arteriolar and myocardial vasculature, and by the variable and adjustable extravascular compression in part of the myocardium, as is the case in true human physiology [18 -20] .
In the totally vasodilated state (arteriolar resistance is minimal; no epicardial stenosis), myocardial flow equals 200 ml/min; in the resting state, 60 ml/min. By inducing a variable stenosis in the epicardial artery, hyperemic myocardial blood flow can range from 0 to 200 ml/min.
Systemic and coronary phasic and mean flow are measured by electromagnetic flow sensors (Transflow 1401, Skalar) directly proximal to the aortic valve (systemic flow), and in the coronary artery distal to the stenosis (coronary flow). Pressure is measured in the left ventricular cavity, the ascending aorta, and in the coronary circulation by sensor-tipped pressure wires. Extensive validation studies with this in vitro setup have shown that it is well able to mimic coronary pressure and flow at both baseline and hyperemia in physiological and pathological conditions [15] .
Pressure/Temperature Guidewire
For measurement of distal coronary pressure and temperature, a commercially available 0.014Љ floppy pressure guidewire (PressureWire 4, Radi Medical Systems, Uppsala, Sweden) was used with modified software. This wire has a microsensor at 3 cm from the floppy tip, which enables simultaneous recording of high-fidelity coronary pressure measurement as well as temperature measurement at the location of that sensor, with an accuracy of 0.02°C. The shaft of this wire, acting as an additional electric resistance, can be used as a second thermistor, providing the input signal at the coronary ostium of any fluid injection with a temperature different from blood. All signals can be displayed on the regular catheter laboratory recording system or at a suitable interface (Radi-Analyzer) enabling online analysis as described below. Pressure and temperature are sampled with a frequency of 500 Hz.
Experimental Protocol
A 6 Fr guiding catheter was introduced and advanced into the coronary ostium. Care was taken to allow sufficient backflow of injectate. Thereafter, the PressureWire was advanced into the coronary artery. At first, during maximum arteriolar vasodilation (R ar minimal), flow through the coronary artery was stepwise-decreased from 200 to 25 ml/min in steps of 25 ml by varying epicardial stenosis (R epi ). For each value of absolute flow, three thermodilution curves were obtained by briskly injecting 3 cc of cold saline (temperature Ϸ 6°C) by hand into the guiding catheter, with an interval of 1 min. This sequence was performed for different sensor positions at 6, 8, 10, and 12 cm from the coronary ostium, respectively. Thus, the relation between T mn and blood flow could be investigated. Next, to investigate the independency of IMR on proximal stenosis severity, the distal sensor of the PressureWire was positioned at a fixed distance of 10 cm from the coronary ostium. Care was taken to maintain stable sensor position at this distance. By tightening the distal resistance clamp, six different degrees of myocardial resistance were obtained (corresponding with hyperemic myocardial flow rates of 203, 160, 130, 103, 93, and 79 ml/min, and true myocardial resistance of 0.39, 0.64, 0.89, 0.99, 1.31, and 1.63 dynes ⅐ sec/cm 5 , respectively). Additionally, at every level of myocardial resistance, four degrees of epicardial stenosis were induced using the external occluder. For each combination of myocardial resistance and epicardial stenosis, three consecutive thermodilution curves were obtained again using the technique as described above. Distal coronary pressure and aortic pressure were measured continuously and the average mean transit time and IMR were calculated as described above. True myocardial resistance was calculated directly from the coronary pressure measurement and absolute myocardial blood flow measured by the electromagnetic flow meter.
Statistical Analysis
All data are presented as mean Ϯ SD. Variability between each series of three measurements of T mn was defined as Var(a 1 , a 2 , a 3 [16] .
Inverse mean transit time was compared with absolute flow and IMR was compared with TMR by linear regression analysis. To test the independency of IMR on epicardial stenosis severity, linear regression analysis was performed on the data for each particular level of microvascular resistance to test if the slope was not significantly different from zero.
RESULTS
Relation Between Inverse T mn and Absolute Blood Flow
In the first part of the study, comparing absolute blood flow with the inverse of the mean transit time, absolute flow varied from 22 to 185 ml/min. Thermodilution curves were obtained at different positions of the sensor from the injection point (6, 8, 10 , and 12 cm, respectively) as described above. For sensor positions of 6 and 8 cm, thermodilution curves at high flow (Ն 150 ml/min) were too short for reliable T mn calculation. The mean variability between the three measurements of T mn was 14% at a sensor position of 6 cm, and less than 10% at all positions more distal from the injection site.
For each position of the sensor, a significant correlation between absolute flow and the inverse of the mean transit time was found (R 2 ϭ 0.88, 0.97, 0.93, and 0.93, respectively: Fig. 2) . The correlation between absolute flow and 1/T mn was markedly better for sensor positions of 8, 10, and 12 cm than for 6 cm of the coronary ostium.
Calculation of IMR and Its Relation to Epicardial Stenosis Severity
Next, IMR was determined and compared to TMR at the six different stages of microvascular resistance and four different degrees of coronary stenosis severity (24 combinations). TMR varied from 0.39 to 1.63 mm Hg/ ml/min and IMR from 13.7 to 74.8 mm Hg ⅐ sec. An excellent correlation over the complete range of flows was found, as presented in Figure 3 (R 2 ϭ 0.94; P Ͻ 0.0001), with the Y-axis interception close to zero. Importantly, at every level of microvascular resistance, IMR was independent on stenosis severity in the epicardial coronary artery, as should be the case for a reliable index of myocardial resistance (Fig. 4) .
DISCUSSION
The present study shows in the first place that there was an excellent correlation between absolute blood flow in the coronary circulation and the inverse value of mean transit time, obtained from thermodilution measurements in a physiologically representative in vitro model of the coronary circulation.
Secondly, the simultaneous measurement of distal coronary pressure and mean transit time enabled calculation of an index of myocardial resistance that closely correlated to true myocardial resistance and was independent of the presence and severity of a stenosis in the supplying epicardial coronary artery.
Because the sensor-tipped guidewire used in this study is a regular commercially available pressure guidewire and because the technique in itself can be applied in conscious humans during cardiac catheterization without any modification in methodology, it is likely that it will be feasible to calculate in humans a similar IMR, being a specific index of microvascular resistance. The value of this index at maximum myocardial hyperemia represents minimal myocardial resistance and is therefore a direct correlate of microcirculatory function.
Because at the same time the measurement of hyperemic distal coronary pressure enables calculation of fractional flow reserve (a rather specific index of epicardial disease), a better insight in the relative contribution of epicardial and microvascular disease to coronary ischemia can be obtained. Before applying this technique in humans, however, several important qualifications have to be taken in mind.
In the first place, the vascular volume of the epicardial coronary artery between the ostium and the location where pressure and temperature are measured should remain constant. In clinical practice, this can be obtained by previous administration of 200 -300 g of nitroglycerin intracoronary, which is standard in our catheterization laboratory in every invasive coronary procedure. Secondly, it is of paramount importance to position the sensor at the same distance from the ostium of the coronary artery during subsequent measurements over time. As shown in Figure 2 , this distance should be at least 8 cm from the ostium (which is mostly the case in human coronary arteries). It should be realized that the more distant the sensor, the longer the mean transit time. Therefore, if follow-up investigations are done, carefully recording the position of the sensor by angiography is mandatory. Thirdly, because the vascular volume in itself is unknown, the IMR is a relative index and can be used to measure changes in microvascular resistance within one patient and one myocardial territory at different moments in time, e.g., during follow-up after myocardial infarction or at follow-up of medical treatment for conditions affecting microcirculatory function, as diabetes, hypercholesterolemia, or transplant disease. It is so far unknown if there are circumscript normal and pathological ranges of IMR values enabling comparison of this index between different arteries or different individuals.
Study Limitations
As outlined above, the major limitation of the technique is that the index of myocardial resistance is only relative and not absolute. To calculate absolute myocardial resistance, volumetric blood flow is necessary and cannot be obtained invasively up to now. Theoretically, absolute myocardial flow could be obtained noninvasively by positron emission tomography or myocardial resonance imaging. However, this would mean that (invasive) distal coronary pressure should be measured at a different time, affecting accuracy. Therefore, the present method can only be advocated so far to compare microvascular resistance in one and the same myocardial territory within one patient at different moments in time.
A second important limitation of the present study is that it does not account for collateral circulation. With the exception of myocardial fractional flow reserve, this is a major limitation for all physiologic indexes used so far. In the human catheterization laboratory, it might be expected that with significant coronary stenosis, IMR also will apparently increase, which can be explained as follows: with increasing stenosis severity, coronary flow approaches zero. However, distal coronary pressure does not decrease to zero but to coronary wedge pressure (P w ), which varies considerably depending on the development of collaterals, but which has a value in most humans between 15% and 30% of arterial blood pressure [21, 22] . Therefore, every index of microvascular resistance derived from coronary blood flow (instead of myocardial blood flow) will artificially overestimate microvascular resistance with increasing stenosis severity. In such cases, a factor taking into account P w should be added to IMR as explained in the appendix. Therefore, in applications in humans, knowledge of distal coronary wedge pressure will be mandatory to calculate IMR in the case of significant epicardial stenosis, when P d approaches P w . In the absence of a significant epicardial stenosis, however, the simplified equation 3 can still be used.
Finally, as is always the case in in vitro studies, extrapolation to the human laboratory should be done with caution. Although the in vitro model of the coronary and myocardial circulation used in this study mimics true coronary circulation very closely, unexpected confound- ing factors might be present in the human catheterization laboratory not accounted for in our model.
Despite some limitations, this study shows a close correlation between coronary thermodilution-derived mean transit time and absolute myocardial blood flow and the feasibility of calculating an index of myocardial resistance correlating well to true myocardial resistance and independent of epicardial stenosis severity. Therefore, by combining this index with simultaneously determined fractional flow reserve, the contribution of epicardial and microvascular abnormalities to ischemic heart disease can be quantified in a simple and straightforward way by single guidewire technology. (2) and
where F is coronary blood flow, V is the epicardial volume between the injection site and the position of the sensor, and T mn is the mean transit time of a bolus of saline at room temperature. This model, however, does not take into account the collateral circulation. In case of a significant stenosis with collaterals, IMR as defined in equation 3 progressively overestimates true myocardial resistance, which can be explained as follows. In animals or humans, not coronary flow F but myocardial flow should be taken into account, the latter being the sum of coronary flow and collateral flow. Myocardial resistance remains a finite entity because neither distal coronary pressure nor myocardial flow go to zero. Therefore, at total occlusion, myocardial resistance equals wedge pressure divided by collateral flow. To describe this phenomenon quantitatively and to correct IMR (or any other index) when using coronary blood flow parameters instead of myocardial flow, the following algorithm can be applied. In this mathematical derivation, we will use the standardized nomenclature as used in the initial study introducing the concept of fractional flow reserve (FFR) [3] .
Let us use the following terminology (all measured at maximum vasodilation): It has been demonstrated that FFR cor and FFR myo can also be expressed in terms of pressures as follows [3] :
True myocardial resistance equals
This can be rewritten as follows:
By substituting equation 1, IMR Ϸ (P d Ϫ P v )T mn ⅐ ͩ P d Ϫ P w P a Ϫ P w :
By neglecting P v , we obtain again IMR Ϸ P a ⅐ T mnͩ P d Ϫ P w P a Ϫ P w ͪ
or IMR Ϸ P a ⅐ T mn ⅐ FFR cor (7b)
This appendix also shows that the observations in some earlier studies that microvascular resistance would increase with increasing epicardial stenosis severity [23] [24] [25] [26] are based on the incorrect use of coronary flow instead of myocardial flow parameters in the calculation of microvascular resistance (thereby neglecting the increasing contribution of collateral flow at increasing stenosis severity) and are not correct. A similar algorithm including P w as described here should be applied to make those indexes truly representative for microvascular resistance. In summary, equation 7a constitutes the general form of the index IMR, generally applicable also in the case of a significant stenosis. If studies are performed in patients without significant epicardial disease, the more simple equation 3 can be used for IMR.
